ABSTRACT Electric vehicle (EV) becomes a popular choice for its zero air pollutant and high energy efficiency. Nevertheless, the massive penetration of EVs can cause problems, including voltage drop and peak amplification. The charging pattern of EVs also poses a challenge to the reconfiguration work of the power system when failure occurs. Therefore, an EV schedule-control-based strategy is designed to address these issues in order to achieve voltage regulation and load shifting under both normal operation and failure scenarios. The framework involves two agents: 1) a two-stage voltage control agent schedules EVs to perform load shifting and voltage regulation under normal condition and 2) a fault control agent deals with line failure scenarios to recover the power supply of out-of-service basic and EV loads. A three-level queue table mechanism is designed to collaboratively perform EV scheduling. The influence of EV charging locations on the voltage variations of other nodes is considered and alleviated through a voltage sensitivity analysis method. Moreover, graph theory is employed to perform the network reconfiguration process to deal with line failure situations. The effectiveness of the scheme to restore the power supply while maintaining reliable system voltage level has been verified with the simulation results based on a modified IEEE 30 nodes test feeder. 
INDEX TERMS
Charging power value for EV j in time i P max EV ,j
Charging power limit for EV j C EV ,j Nominal capacity of EV j Soc j,i SOC for EV j in time i Soc j,start SOC value at the beginning for EV j Soc j,end SOC value at the end for EV j Soc j,min Minimum allowed SOC value for EV j Soc j,max Maximum allowed SOC value for EV j E exp,j Expectation level for the SOC of EV j E RC,j Nominal battery capacity of EV j P i GT Total active power supplied by the generation side 
II. INTRODUCTION
Electric vehicle is an emerging traveling means attracting the attention of plenty investors and users from different countries [1] , [2] . The benefits of EVs are multifold. EVs are promising for their high energy efficiency and zero air pollutant emission. Other than serving as a transportation tool, the wide spread deployment of EVs can also benefit the operation of power systems. A single EV with vehicleto-grid (V2G) ability can help optimize daily load curve of a home grid through managing its charging patterns [3] . A group of EVs can be aggregated to compensate the intermittency of RER (Renewable Energy Resources) [4] , and the cooperation of EVs and RER has the potential to further reduce CO2 emissions [5] . The collaboration of EV and energy storage can help bring more profit [6] . In addition, other EV benefits such as frequency and voltage regulation services, extra economic revenues, demand side management, etc., can also be achieved [7] , [8] .
It is advocated that the above advantages of EV batteries in power grid operation relies on efficient and smart charging schemes, since simultaneous intensive EV charging can pose great challenges such as peak amplification, equipment damages, voltage drops, stability issues and power losses [3] - [8] .
Researchers have also proposed various EV management or scheduling strategies with considerations of EV technical limits, EV travelling demand, and power systems. From the perspective of battery operations, voltage concern and its fault diagnosis are of critical importance to maintaining high performance of an individual EV [9] . On-board management of power-sources is beneficial to performance and cost competitiveness of hybrid electric vehicles [10] . Sensitive factors including temperature, charging and/or discharging cycles, etc., can influence EV SOC (State of charge) and SOH (State of Health) management [11] - [13] . In light of charging demands, the travelling behaviors and energy expectation of EV customers can be modeled with probability theory, through functions such as Gaussian distribution [14] , Truncated normal distribution [15] and Poisson distribution [16] . On the other hand, the widespread of EV deployment triggers the need for power companies to devise strategies to address concerns about the generation unit commitment, the influence of electricity price policies [14] , and intermittency of renewable resources [17] . The issues of transformer congestion, deviations of frequency and voltage drops with EV penetration have also been studied [7] , [8] .
For practical power system operation, the main concern is the incidents of equipment failures or blackouts that threaten the entire power networks [18] . Network reconfiguration is therefore important to service restoration and efficiency improvement for distribution networks [19] . Many approaches have been developed to deal with this situation, including heuristic techniques, network reduction methods, fuzzy set, graph theory, and agent-based rules [20] . However, with EVs' penetration, the reconfiguration work becomes a rather complex problem when both restoration and EV charging demand must be simultaneously satisfied. It appears that the recovery scheme involving EVs and sudden failure scenarios from power system level has received insufficient attention. The potential usage of centralized EV charging stations in assisting system restoration is analyzed in [21] . In this work, the power capability of the charging station is simulated with a capacity model while the charging behavior of a single EV is not included. Other examples reported in [22] and [23] are aimed to improve the resilience of power network reconfiguration with EVs as supporting units, which is subject to a presumed maximum available load of EVs.
In this paper, an agent based EV scheduled charging control scheme is proposed to achieve voltage regulation and load shifting with load restoration consideration for distribution networks. This control framework is an extension of our preliminary regulation scheme presented in [24] , and aims at addressing voltage regulation and EV load scheduling to deal with both normal condition and line failure scenarios. The work of network reconfiguration is thus inevitably involved in the framework when line failure occurs. And in particular, the influence of power demand in various charging locations on voltage level changes is also incorporated. The control strategy consists of two agents: (i) A control scheme evolved from [24] is employed as a voltage control agent to ensure the voltage safety margin of the system when performing EV scheduling for load shifting; and (ii) A fault control agent is embedded to search for optimal load recovery solution in order to restore out-of-service EV and basic power loads under line failure scenarios.
The reconfiguration criterion of minimizing the power losses is adopted to evaluate the solutions from the perspective of economic consideration. In addition, the control strategy is integrated with several techniques, which include: 1) A computational efficient direct voltage analysis method [25] is used to relieve the effect of charging VOLUME 5, 2017 locations on the voltage variation of other nodes; 2) A threelevel hierarchical queue table mechanism is designed to collaboratively schedule EV charging patterns, on the basis of the voltage violation levels of power nodes, the effects of charging locations, and EV remaining charging time; 3) Graph theory is employed to determine all possible switch operation configurations for load recovery under line failure condition so as to ensure the radial property for distribution networks.
The primary contributions of the research work are as follows:
1) For voltage regulation, a voltage sensitivity method (VSM) is used to evaluate the interaction effects of EV charging locations on the voltage levels of other nodes. With the aid of VSM, a queue-based mechanism is developed to heuristically complete the task of voltage regulation. This mechanism is found to be beneficial in improving the overall computational efficiency. 2) An agent based EV control scheme is developed to restore power supply when line failure occurs. Different from the previous works [21] - [23] , the proposed framework focuses on rescheduling individual EVs to achieve restoration with network reconfiguration, subject to voltage regulation, load smoothing, and switching operations.
3) The new agent based EV scheduling framework enriches the study of addressing the power restoration issue with EV penetration from the power system level, while other studies only focus on the impacts of communication failure in EV charging control [26] , the failure of EV charging service [27] , and the failure of EV batteries [28] . The paper is organized as follows: Section III describes the theoretical basis of the control scheme including both direct voltage analysis and graph theory for better understanding of the proposed strategy. Section IV introduces the mathematical models including both constraints and objective functions. Section V presents the voltage control scheme and detailed design of the agent based scheduling framework. Section VI illustrates the simulation results. Finally, conclusion is given in Section VII. 
III. THEORETICAL BASIS
where P L and Q L are active and reactive power at the end terminal, while x 01 and r 01 represent the resistance and reactance between the two nodes. Practically, voltage violations may occur especially for nodes that are remote from power plants. Measures for maintaining reliable voltages are indispensable for guaranteeing the reliability of power feeders. Three different kinds of approach are generally used and they are:
• adjusting the terminal voltage of power generators, reactive power compensation, or transformer taps;
• redistributing active power among generation units; and • load shifting or shedding.
With the integration of EVs, the voltage drop in the system can become far more severe. If the first two approaches are effective in dealing with the situation, the last approach can be exempted, otherwise load shifting is used. The aim herein is to investigate the potential application of scheduling strategy in assisting voltage regulation and network reconfiguration with integrated EV load by means of load shifting.
B. THE VOLTAGE SENSITIVITY METHOD (VSM)
The burden of massive EV uncoordinated charging inevitably incurs voltage drops at different power nodes, and its level of extent depends on the power network topologies and constraints. The impacts of EV charging locations should therefore be considered for voltage regulation. Currently, most EV regulation strategies focus on ensuring reliable voltage profiles for power grids whereas the study on the impacts of EV charging locations to voltage regulation is insufficient. In [29] , a linear programming based technique is designed to provide an optimal EV scheduling within network constraints. At each time step, the voltage sensitivities of charging locations, influenced by EV charging patterns, are obtained through measurement. In [30] , SI-index is employed to evaluate the weakest voltage bus node for performing effective load shifting, but the interrelationship between the voltages of different charging locations and other system nodes has not been discussed. In addition, a PVLF (Power/voltage levelling factor) [31] based algorithm is implemented to perform voltage-safety-oriented EV scheduling, despite its heavy computational burden.
As mentioned previously, node locations further away from power sources in a distribution network are prone to induce large voltage drops caused by EV charging activities. The voltage sensitivity matrix (VSM) can be used to assess the influence of network structure on voltage drops of various nodes. An efficient voltage analysis method from [25] is employed in our control architecture to solve the VSM. Evolving from (1), voltage differences of other nodes compared with the power sending node can be calculated via (2) ∼ (3) [25] .
Subject to
The node voltage variations can be obtained from [25] , [32] :
where CP m,k represents the common node set which includes mutual branches with energy passing through both nodes.
For instance, in Fig. 1 , the voltage sensitivity coefficients in terms of power variations of P 1 and P 3 on the voltage variation of V 4 can be respectively calculated as:
As
, regulation of P 3 (mainly EV charging) will be more effective than adjusting P 1 in maintaining the level of V 4 . This method only considers the network topological property and therefore can easily be implemented.
C. NETWORK RECONFIGURATION BASED ON GRAPH THEORY
A massive number of switches are installed in a distribution system to facilitate power restoration resulting in a large number of possible reconfigurations. The radial distribution network design, together with the discrete feature of switch operations, increases the difficulty of network reconfiguration.
Nevertheless, Graph theory can be adopted to represent the power network in matrix form for performing network reconfiguration easily [33] - [35] . In theory, a graph is composed of vertices connected by edges, and two vertices are only connected by one edge. A graph can be represented by a pair G = (K , E) of sets, where the elements of K are nodes or known as vertices of graph G, and the elements of E are their edges or lines. Tree graph only contains one region and no cycle is utilized to maintain the radial property of a distribution network during operation to ensure isolated nodes or out of serviced feeder section is excluded. Generally, a tree graph must satisfy the following equation:
The cycles can be calculated as:
And the regions can be expressed as:
The best switch configuration of a distribution grid must obey restrictions (7) ∼ (9). Considering a graph with s nodes and w edges, the following procedure is used to verify whether the configuration is a tree graph.
Step Fig. 2 illustrates the above procedures. Three networks with 5 nodes shown in Fig. 3 are used to demonstrate the process. The incidence matrices for Fig. 3 As it can be seen, the final DCV of M c contains all 0s and thus confirms that Fig. 3(c) is a tree network.
IV. MATHEMATICAL MODELING
Instead of using dumb charging, possibly with delay, once an EV is plugged into the grid, an alternative smart EV charging schedule will determine the charging operation during the parking timeslots. The charging power of an EV battery is normally constrained by the upper and lower bounds and completed within a time period as shown in Fig. 4 .
At each time step, the charging status, together with the charging rate of each EV, must be determined for scheduling. The following assumptions are used to illustrate the control architecture: 1) The period of study is on an hourly basis and from 8:00AM to 8:00AM of the following day; 2) Charging efficiency is of 100% for energy transfer to EV's battery; 3) V2G is not considered in this study; 4) This study only considers constant charging rate, and interested readers may refer to [24] for flexible charging rate operation; 5) Reactive power is not exchanged for batteries during charging.
A. CONSTRAINTS
The characteristics of EVs being considered include:
1) The EV charging rate
The value P max EV ,j of a single EV battery is set to its nominal charging power value.
2) Limitation of battery capacity
Typically, Soc j,i is often bounded within a range in order that the charging power is almost kept constant to maintain the lifecycle of EV batteries [36] .
3) Requirement from EV customers
The final battery state Soc j,end must reach the required level to meet the user requirement.
The constraints from the power system side include: 1) Limitation from the generation side
2) Power balance of the system
3) Voltage level demand
4) Satisfaction of power flow equation
where m = 1, 2, . . . , K .
B. OBJECTIVE FUNCTIONS
The optimization objective for EV scheduling is to smooth the load profile while ensuring reliable voltage levels. For load smoothing, function (21) is employed for minimizing the load variance (standard deviation of the load curve) [37] .
The fault control agent will search for an optimal solution to recover the power supply while minimizing the system power loss. The function of reducing the power system loss is given in (23) . For each available switch reconfiguration option, the inner control goal for EV scheduling is same as (21) . (24) where Pi,(k,k+1) loss, R k,k+1 and y k,k+1 denote the power loss at timeslot i, resistance and admittance of the transmission line between node k and k + 1 respectively.
V. THE PROPOSED CONTROL STRATEGY
The principle of the two-stage EV scheduling strategy [24] will be described first, followed by the agent based framework.
A. THE TWO STAGE VOLTAGE CONTROL SCHEME
The voltage control scheme shown in Fig. 5 is a two-stage process to perform daily load smoothing while ensuring reliable voltage margin.
At the beginning, the parameters including the daily load profile, topological constraints and EV status (e.g., EV integration location, battery capacity, SOC expectation) are sampled. An initial scheduling pattern is solved as a MINLP problem with the objective of smoothing the load profile (block 1). This pattern will be modified with the subsequent rescheduling procedure (blocks 2.1∼2.3 It should be noted that the overall computational efficiency of this scheme depends on the number (γ ) of EVs that are rescheduled each time.
B. THE FAULT CONTROL APPROACH FOR LINE FAILURES
When line fault occurs, existing management systems such as SCADA (Supervisory Control and Data Acquisition) and VOLUME 5, 2017 EMS (Energy Management System) utilized in power grids will detect the failure and respond automatically to provide reconfiguration solutions. With the deployment of EVs, however, these schemes may not satisfy the EV demand nor benefit the power system operations such as power loss minimization and voltage regulation. Thus, this fault control approach only operates as an assisting tool in response to line failures for reconfiguring power network with EV fleet.
A control strategy is proposed to deal with line failures with the voltage control scheme described in Section V-A. Its overall procedure is shown in Fig. 6 and ends at 8:00am of the following day. The detailed operation is described below.
Step According to the above description, EV rescheduling is involved in the control architecture under both normal operation and failure scenarios. As shown in our previous work [24] , the scheduling for EV charging can be transformed into Mixed Integer Nonlinear Programming (MINLP) optimization form, and the tool CVX is utilized to accomplish the inner procedure for EV scheduling/rescheduling [39] . 
VI. CASE STUDY A. BASIC PARAMETERS
An IEEE-30 radial power feeder [40] shown in Fig. 7 is used for scheduling strategy testing. The system is featured with the following: i) a 63kV/20kV transformer with apparent power of 8MVA is located between the slack node 0 (with a fixed voltage of 1.05 p. u.) and node 1; ii) tie switches [30, 31, 32, 33, 34] are opened initially; iii) base voltage and power are 20kV and 100MVA respectively; iv) the desirable voltage per unit (p. u.) for all nodes is limited to [0.95, 1.05]; v) EV charging stations are placed at nodes [6 13 16 19 26 30] ; and vi) a capacitor bank (C1, 900 kVA) is also placed at node 13.
The basic active loads are referenced from [41] and three types of load property are assumed, i.e., i) industrial (nodes 24-26, 12-14, 16, 19) , ii) commercial (nodes 4, 27-30), and iii) residential (other nodes). In addition, the reactive powers are proportional to active powers for all nodes at each timeslot, with proportional coefficients randomly ranged in [0. 4, 1] . The total number of EVs is set to be 700 and their mobility during daytime and nighttime is modeled with truncated normal distribution as in [15] . The detailed parameters for EV fleet are given in Table 1 . It is assumed that most EVs will be charged at night -a total of 500 for group Nights I and II. Finally, with final SOC level set at 80% for batteries, 100 EVs are randomly assigned for charging at each charging location, except for node 13 with 200 EVs.
B. SIMULATION RESULTS
Four other strategies are also included for comparison purpose:
i) FCFS (First come first serve): EV charging begins when it is plugged into the grid (dumb charging). ii) DelayC (Delay charging): EV charging is scheduled towards the end of its remaining timeslots. iii) LoadST (Load smoothing only): EV charging follows the objective of load smoothing in (21) [37] . iv) IGCL: EV charging is rescheduled within its remaining timeslots, i.e., EV with more available timeslots among all EVs will be rearranged first. This scheme ignores the effects of charging locations. These strategies will be compared with our proposed method abbreviated as SmartC. Scenarios with and without capacitor banks are also compared. 
1) VOLTAGE REGULATION WITHOUT CAPACITOR BANKS
Without EV penetration, the voltages of all nodes are found to be able to satisfy the system demand. On the contrary, voltage violations may occur with the presence of EV fleet. The lowest voltage condition is appeared at node 14, and Fig. 8 shows the voltage levels derived from all strategies. Fig. 9 shows the daily system loads under different strategies. Both FCFS and DelayC lead to higher peak load. This results in severe voltage drops as compared with other methods, especially from 12:00 to 22:00, as shown in Fig. 8 . This demonstrates the importance of load shifting for voltage regulation when massive EV charging occurs.
LoadST strategy gives the smoothest load profile and light voltage violations as shown in Fig. 9 and Fig. 8, respectively . Among all strategies, only SmartC and IGCL can eliminate voltage violations by rescheduling EV charging to timeslots with lighter load (e.g., 10:00-11:00 and 14:00-16:00). However, IGCL does require a longer computational time, as compared with SmartC, to reschedule more EVs to avoid voltage violations and thus results in a more fluctuated load curve as shown in Fig. 9 . These results suggest that including the charging locations to perform EV rescheduling has advantage on node voltage recovery and our proposed SmartC strategy is superior to the IGCL in alleviating such undesirable effects.
2) VOLTAGE REGULATION EFFECTS OF CAPACITOR BANK
The reactive power of the grid is compensated by capacitor banks (C1) installed at node 13, and system voltage regulation is thus improved during heavy load period from 9:00 to 22:00. With ±2.5% variation superimposed on the basic load given in Fig. 9 , the performance of SmartC strategy on system load and voltage condition for node 14 is illustrated in Fig. 10 .
Light load (−2.5%)condition: The power grid can support EV charging with no voltage violation, even without C1 (W/OCapa scenario).
Basic load condition: C1 helps maintain higher voltage level (WithCapa scenario) similar to that of light load condition. Moreover, voltage violation does not occur with SmartC even without C1. The load curve only exhibits slight change as compared with the case involving no capacitor bank since less EVs are rescheduled.
Heavy load (+2.5%) condition: Without C1, voltage level is the lowest and violation does occur. With C1 and SmartC, the voltage level is maintained above the lower limit without violation.
These results demonstrate that coordinating with capacitor banks in the power grid can serve more EVs.
3) LINE FAILURE SCENARIO
To verify the effectiveness of the SmartC strategy in handling line failures, a line fault is introduced between nodes 7 and 8. The failure is set to occur at 17:00 and switch 7 is out of service. Then network reconfiguration is essential to recover the loads from node 8 to node 17. For illustration purpose, the number of switch operation is restricted to 1 and therefore only one tie switch from all backup switches [30, 31, 32, 33, 34] will be selected for service. The five different open switch operations shown in Table 2 are possible solutions and their radial property will be validated with graph theory. Recovery Schemes 2 to 4 are shown as feasible solutions.
For the new configuration, voltage violation may occur with the current scheduled EV charging pattern. EV rescheduling via the voltage control agent of the SmartC strategy becomes indispensable. Simulations have shown that Scheme 3 fails to recover the voltage since the reconfigured topology results in severe voltage drops. Only Schemes 2 and 4 can satisfy the expected voltage range. Fig. 11(a) shows the load curves for both Schemes and they are very close. Nevertheless, these two schemes also cause voltage change due to different topological structures and EV rescheduling. The voltage profiles of nodes 14 and 17, which are with the lowest voltage levels under the two schemes, are shown in Fig. 11(b) , and Scheme 2 is with higher node voltage than Scheme 4. The total power loss from the time of failure 17:00 to 8:00am is found to be 2.79 MW for Scheme 2 and 2.82 MW for Scheme 4. As a result, Scheme 2 is recommended for higher voltage and less power loss with switch scheme shown in Fig. 12. 
4) COMPUTATIONAL EFFICIENCY
The overall computational efficiency can be improved by adjusting the EV number γ during each iteration of the rescheduling process. To illustrate this phenomenon, the line fault case with recovery Scheme 2 is studied. If a large γ is used for each iteration, the time required for the SmartC strategy can gradually be reduced as shown in Fig. 13 . A rather low computational time is achieved for γ ≥ 4, demonstrating that this method is appropriate in aiding the power system to tackle line failure scenarios. Specifically, the parameter γ can appropriately be adjusted for large scale power distribution networks to accelerate the computational speed. However, the fluctuation of the load curve tends to be slightly amplified with the increase of γ . This is due to the fact that more EVs' adjustment per iteration can impose larger impact on the overall load profile.
VII. CONCLUSION
A comprehensive agent based control strategy to schedule EV charging pattern with line fault consideration for distribution networks is proposed. A voltage control agent and a fault control agent are developed to facilitate the control strategy so as to maintain the voltage level for the radial power grids with EVs while achieving the goal of smoothing the daily load curve, load recovery, voltage safety and economic reconfiguration operation. It has been shown that the control framework can also reduce the network topology impact on the voltage violated node due to EV charging locations. The proposed scheduling method is operated in a time updated manner and feasible for real-time deployment given its computational efficiency. Furthermore, the EVs' index number γ per iteration can be adjusted to improve the computational efficiency for adapting the control scheme into large scale distribution networks.
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